Conversion of former agricultural land to grassland and forest ecosystems is a suggested option for mitigation of increased atmospheric CO 2 . A Sharpsburg prairie loess soil (fine, smectitic, mesic Typic Argiudoll) provided treatments to study the impact of long-term land use on soil organic carbon (SOC) content and composition for a 130-year-old cropped, pasture and forest comparison. The forest and pasture land use significantly retained more SOC, 46% and 25%, respectively, compared with cropped land use, and forest land use increased soil C content by 29% compared with the pasture. Organic C retained in the soils was a function of the soil N content (r 5 0.98, Po0.001) and the soil carbohydrate (CH) concentration (r 5 0.96, Po0.001). Statistical analyses found that soil aggregation processes increased as organic C content increased in the forest and pasture soils, but not in the cropped soil. SOC was composed of similar percentages of CHs (49%, 42% and 51%), amino acids (22%, 15% and 18%), lipids (2.3%, 2.3% and 2.9%) and unidentified C (21%, 29% and 27%), but differed for phenolic acids (PAs) (5.7%, 11.6% and 1.0%) for the pasture, forest and cropped soils, respectively. The results suggested that the majority of the surface soil C sequestered in the long-term pasture and forest soils was identified as C of plant origin through the use of CH and PA biomarkers, although the increase in amino sugar concentration of microbial origin indicates a greater increase in microbial inputs in the three subsoils. The practice of permanent pastures and afforestation of agricultural land showed long-term potential for potential mitigation of atmospheric CO 2 .
Soil organic carbon content and composition of 130-year crop, pasture and forest land-use managements Introduction Land-use change can alter land cover biomass and cause associated adjustment in carbon (C) stocks (Bolin & Sukumar, 2000) . C sequestration by afforestation or permanent grass vegetation in associated above-ground biomass increases are the only land-use managements accepted by the 1997 Kyoto Protocol to change global C budgets, but little is known on the effects of land-use change on the composition of stabilized soil C pools. Each soil has a C carrying capacity depending on the nature of vegetation, precipitation and temperature (Gupta & Rao, 1994) . The accumulation of soil organic matter (SOM) is a function of the amount of plant, animal and microbial inputs the soil has received in the past (Brady & Weil, 1999) and the rate at which the biomass input decays (Jenkinson, 1977) . The decay rate in the C cycle is related to the quantity and quality of the plant residue returned to the soil (Herman et al., 1977; Oades, 1988; Enriquez et al., 1993; Cheshire & Chapman, 1996; Martens, 2000a) , the soil type, especially the type and amount of clay minerals present (Amato & Ladd, 1992) , and management (Martens, 2000b) . Understanding the impact of different land-use management on SOM content and composition is extremely important as soils may provide an immediate sink for atmospheric CO 2 with proper management (Bruce et al., 1999) , as research has noted that the process of soil C depletion with cropped land use can be reversed by utilization of pasture or reforestation land use (Guo & Gifford, 2002; Murty et al., 2002; Six et al., 2002) .
The equilibrium between C inflows and outflows in soil is disturbed by land-use change until a new equilibrium is eventually reached in the new ecosystem (Guo & Gifford, 2002) . The equilibrium dynamics of C in different land-use options are a function of the plant residues returned to the soil, the litter C content, the amount of soluble vs. nonsoluble C components, the mineralization rates of the C components, the placement of above-ground vs. below-ground inputs and the degree of soil aggregate disturbance (Post & Kwon, 2000) . Soil organo-mineral complexes are predominantly found in association with clay and silt-sized fractions that may limit microbial access to plant C within soil aggregates (Post & Kwon, 2000; Bossuyt et al., 2002; Six et al., 2002) . Much of the soil's original organic C loss with agricultural management can be attributed to reduced inputs of crop plant residue, increased mineralization rates of crop plant residue returned, and tillage effects that decrease the amount of physical protection for soil organic carbon (SOC) (Schlesinger, 1985; Post & Mann, 1990; Davidson & Ackerman, 1993) . Guo & Gifford (2002) summarized findings from 74 publications detailing that when landuse change decreased soil C content (e.g. pasture or prairie to cropland), the reverse land-use change (e.g. crop to pasture) resulted in nearly the same increased soil C contents. However, long-term data detailing the impact of land-use changes on SOC pools that may preferentially stabilize SOC are lacking.
Recent improvements in plant C analysis have identified between 85% and 90% of plant residue C as carbohydrates (CHs), protein or peptide amino acids (AAs), fatty acids (FAs)/lipids (LPs) and phenolic acids (PAs) of cell wall and lignin (Sommerville et al., 2000) . Although little is known about the important change in critical C pools with land-use conversion that may preferentially stabilize SOC (Vesterdal et al., 2002; Six et al., 2002) , determining the plant contribution to SOC pools with time and land-use management may provide details on stabilized soil C pools at land-use equilibrium. The study site investigated in this report is a unique setting as the documented cropping vs. forest managements introduced on a pasture have been in place for approximately 130 years with an available parcel of a mown, but never tilled or fertilized original pasture on the same soil type as a comparison. The objectives of this work were to detail the impact of pasture, cropped and forest land use on (1) the decline or increase in the total SOC and total N contents and (2) the composition of stabilized SOC and N pools with different land-use practices.
Materials and methods

Study area
The location of the study area is in southeast Nebraska about 27 km southeast of the town of Syracuse. The three sites occur within a delineation of the detailed soil map unit ShC -Sharpsburg silty clay loam (fine, smectitic, mesic Typic Argiudoll) on relatively stable ridgetops (2-5% slopes). These soils formed in loess of Medial Wisconsin age, about 28 000-50 000 years before present (Reed & Dreeszen, 1965) . The current mean annual precipitation is about 80 cm, 70% of which falls during April-September (Sautter, 1982) . Mean annual, winter and summer air temperatures are approximately 10.9 1C, À3.3 1C and 23.9 1C, respectively. The elevation of the soils ranged from 344 to 352 m above sea level. The three kinds of management in this study were (1) a 130-year-old forest established on pasture, (2) a presentday conventional corn-soybean rotation established on pasture and (3) a never tilled or fertilized pasture.
The forest site (10 ha) was part of the original homestead established in 1866 to provide windbreak, fuel and fruits (Reedy, 1999) . The land was covered originally by prairie grass and is currently under a variety of mostly deciduous trees, including black cherry (Prunus serotina), black locust (Robinia pseudoacacia), ash (Fraxinus spp.), American basswood (Tilia americana), eastern redcedar (Juniperus virginiana), hackberry (Celtis spp.), oak (Quercus spp.) and black walnut (Juglans nigra).
A variety of crops have been grown in the cultivated soil. First, it was red clover (Trifolium pratense) for the horses and dairy cows. Later, an oats (Avena sativa) -wheat (Tritium aestivum) -corn (Zea mays) rotation was common until economics pushed oats out. In the late 1930s soybean (Glycine max) was added to the rotation (soybean-corn-wheat). Today's standard rotation is corn-soybean with plow and disk tillage as wheat was dropped from the rotation in the early 1990s.
Whereas the forest and the cropped field are less than 100 m apart, the pasture site is about 1.6 km eastsoutheast of the forest. Originally tall grass prairie, the site (97 ha) is now a mixture of cool-and warm-season grasses and forbs, and reflects a mixed short grass/tall grass pasture site.
Sampling design
There were three field sites with one replicate available for the forest and pasture land uses and a representative cropped soil was chosen near the forest site. A survey of each field was conducted, and sites for the three samplings were chosen that closely reflected the overall variability of the field(s). At each field site, three profiles of Sharpsburg soil were sampled to analyze land-use effects. For the pasture and cropped fields, two of the samples were collected with a Giddings TM (Giddings Machine Co., Fort Collins, CO, USA) soil probe (10 cm diameter). To facilitate the collection of soil for bulk density analysis, the third soil sample was collected from a hand-dug pit. The three samples at the forest site were hand dug and described because the dense tree growth restricted Giddings probe access. Homogeneous soil horizons (0-33 or 43 cm deep) were sampled for analysis of chemical and physical property differences (Table 1) , because the pasture and forest horizons were narrower in the upper part of the pedon and generally increased thickness of horizons with depth compared with the cropped soil. This sampling protocol was used for the pasture and forest land use to retain the integrity of information conveyed by the natural soil compared with the homogeneous plow horizon in the cropped soil.
Due to the unique set of circumstances for the forest and pasture sites, replication was not established during the 1860s. Other farms within the same soil type do not have the continuous ownership, the large pasture remnant, the pasture to forest conversion or the detailed records that are available for the agricultural land use on this farm. In order to compare C and N ecosystems, the pseudoreplicates were first analyzed for variance within treatments and then the within variance standard deviations were compared with the between variance deviations to determine if potential treatment differences exist. It is important to understand that due to the pseudoreplication of field sites, the differences determined by the ANOVA analyses (Minitab 13.32, Minitab, Inc., State College, PA, USA) may suffer from both type I and type II errors. Significance was determined at the P 0.05% level.
Chemical analyses
Analyses were made on air-dry soil material that passed through a 2 mm sieve. Organic C and total N contents were determined by dry combustion with a PerkinElmer 2400 C/H/N analyzer (Perkin-Elmer, Inc., Fullerton, CA, USA). Soil pH was determined with a glass electrode, using a 1 : 1 soil to water suspension, bulk density was determined according to Blake & Hartge (1986) , and particle size distribution was determined on the sieved material (Gee & Bauder, 1986) . Aggregate stability was determined on the fraction of soil remaining on a 2 mm sieve after water emersion (80 oscillations min À1 ) and sand dispersion with a modified
Yoder apparatus (Kemper & Rosenau, 1986) . Extractable CH concentration was measured by acid extraction and ion chromatography with pulsed amperometric detection of individual monosaccharides (Martens & Loeffelmann, 2002) . Briefly, 100 mg soil was treated with 6 M H 2 SO 4 for 0.5 h, adjusted to 1.5 M H 2 SO 4 and autoclaved at 121 1C (104 kPa) for 0.5 h, titrated to pH 4-5 with 5 M KOH, centrifuged to remove precipitate, and an aliquot was diluted for analysis.
AA composition of digested soil proteins or peptides was measured by acid extraction and ion chromatography with pulsed amperometric analysis of the individual AAs and amino sugars (ASs) (Martens & Loeffelmann, 2003) . Briefly, 250 mg soil was autoclaved (136 1C, 134 kPa) for 1 h with 2 mL 4 M methanesulfonic acid (2 mg tryptamine mL À1 ), neutralized to pH 5 with 5 M KOH, centrifuged to remove precipitate, and an aliquot was diluted for analysis. The monosaccharides and AAs were separated on a Dionex DX-500 (Dionex Corp., Sunnyvale, CA, USA) ion chromatograph equipped with a CarboPac PA10 column (250 mm Â 2 mm i.d.) for monosaccharide analysis and an AminoPac PA10 column (Dionex Corp., Sunnyvale, CA, USA) (250 mm Â 2 mm i.d.) for AA and AS analysis. Separation was achieved with a NaOH gradient (5-80 mM) for monosaccharides and a NaOHNa acetate gradient (30-80 mM NaOH; 0-500 mM Na acetate) for AAs. Ammonium released during the soil protein extraction was determined by steam distillation (Keeney & Nelson, 1982) .
Ester-linked PAs present in primary cell walls of plant litter in soil (2 g) were extracted with 5 mL 1 M NaOH for 16 h on a reciprocal shaker at 30 1C as described by Martens (2002b) . After extraction, the sample was centrifuged and the supernatant was placed in a disposable glass test tube and heated at 90 1C for 2 h to release the conjugated PAs (Whitehead et al., 1983 ). The heated extract was then cooled, titrated with 4 M HCl to pH o2.0, diluted to 10 mL, and centrifuged to remove the precipitate.
Lignin PAs were determined by cupric oxide digestion on the soil residue following ester-linked PA extraction (1 M NaOH). Cupric oxide (0.5 g) with 5 mL 2 M NaOH were added to the residue soil and heated to 140 1C for 2 h (Chen, 1992) . After extraction, the sample was centrifuged, washed with 5 mL water and the supernatants were acidified with 4 M HCl to pH o2.0, diluted to 10 mL, and centrifuged to remove the precipitate.
Aliquots of the ester-linked and lignin extractions were passed through a Varian Bond Elut TM PPL solid phase extraction tube (Varian Assoc., Harbor City, CA, USA) to eliminate interferences. The extraction tubes were dried under a stream of air and the phenolic compounds were eluted with 1 mL of ethyl acetate into gas chromatography autosampler vials. The phenolic compounds (1 mL: 10 : 1 split) were then analyzed for composition with a Hewlett-Packard 6890 gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with an HP-5 (5% cross-linked phenylmethyl siloxane) capillary column (30 m length, 0.32 mm column i.d., 0.25 mm film thickness) and detected with a flame ionization detector (Martens, 2002b detector temperature, 250 1C. LP material (neutral hydrocarbons and FAs) was extracted from the soil samples (2 g) with 10 mL of a monophasic mixture of methanol, chloroform and citrate buffer (2 : 1 : 0.8 v/v/v) for 2.5 h at ambient temperatures (Frostegard et al., 1993) . The solution and solids were separated by centrifugation and the supernatants were transferred into glass test tubes with Teflon lined caps. The samples were split into two phases by adding chloroform and buffer; then the methanol-buffer phase was removed and the chloroform phase was dried under a stream of air. The FAs present in the sample were methylated by addition of 1 mL methanol, chloroform and concentrated HCl (10 : 1 : 1 v/v/v), and the mixture was heated overnight at 60 1C (Zelles & Bai, 1993) . The neutral and methylated compounds were isolated by addition of 0.5 mL chloroform and 4 mL water. The chloroform phase was then removed after centrifugation for analysis with a Hewlett-Packard 6890 gas chromatograph equipped with an HP-5 (5% crosslinked phenylmethyl siloxane) capillary column (30 m length, 0.32 mm column i.d., 0.25 mm film thickness) and detected with a flame ionization detector. The LP materials are designated as the total number of C atoms followed by the number of double bonds and the number following shows the position of the double bonds nearest the carboxyl end of the molecule.
To obtain a total content of the C and N content and the individual components of C and N content for the analyzed profiles, a weighted average of these parameters to a depth of 33 cm based on the following equation was calculated:
where T is the thickness of the horizon, I is the quantity of the property of interest and Ti is the total thickness (33 cm).
Results and discussion
Soil profile changes
Soil C cycling is due to the complex interactions between the chemical composition of plant residue and the biological and physical processes in soils. In order to understand soil C composition changes among the three land-use sites in the study area, one assumption was that any differences in the measured properties were the result of land-use effects and not due to differences in the original parent material. The particle size distribution, coarse silt distribution, fine silt to coarse silt ratios, and ratio of resistant to less resistant mineral analysis were consistent with the assumption that the parent material for the three sites were similar with depth and ages of parent material and clay content (Reedy, 1999) . Since soil clay content is a very important factor controlling the accumulation of SOC (Christensen, 1992) , it is pertinent to have constant clay content across the treatments. The higher pH values for the surface of the forested soil may reflect the proximity of a crushed limestone road in place since 1936 ( Table 1) . As expected, both the forest and the pasture soils had significantly greater organic C content, total N content and aggregate stability through the sampled depths compared with the cropped soil (Table 1 ). Figure 1a shows the relationship of soil N with the soil C content in the different ecosystems investigated here. The slope of the regression line found for the total N and organic C relationship for the three land uses equaled 11.36 (r 5 0.98, Po0.001), although the cropped soil had a lower C/N ratio than the forest and pasture through the sampled depths (Table 1) . The organic C content of the forest soil suggests that a mix of trees established on pasture can accumulate greater amounts of SOC than the pasture in addition to the C accumulated in the above-ground plant biomass.
The importance of N for increasing the amount of plant biomass and subsequent litter inputs in ecosystems is well known. Since the forest and pasture have never received documented N fertilizers, the increase in C and N is apparently a function of N conserved within the soil cycles and possible atmospheric N deposition. Neely et al. (1991) reported that chestnut oak (Quercus prinus L.) residue decomposing in soil litter bags accumulated significant amounts of soil N, in addition to the residue N content during a 160 days incubation. The microbial immobilization or conservation of soil N by decaying residues with a high C/N ratio may explain how over time higher soil N contents can be found in soils receiving no commercial fertilizers. Microbial immobilization may not be the only process stabilizing soil N, as Davidson et al. (2003) recently detailed soil mineral N immobilization via an abiotic mechanism by the interaction of reduced Fe converting NO 3 À to NO 2 À with a resulting nitration involving the aromatic ring component of dissolved organic C. The consistent nature of C/N ratios (10-12) of SOM has long been recognized; however, not fully appreciated are the practical and mechanistic implications of this relationship for C stabilization. It is evident from Fig. 1a that stabilized SOC content will not increase without a concomitant increase in the soil N content. The highly correlated C and N relationship implies the possibility of two different mechanisms: (1) The majority of SOM is composed of N-rich C compounds such as glycoproteins, e.g., glomalin, as measured by a qualitative reactive antibiody test (Wright & Anderson, 2000) or (2) Remnants of plant material with high C/N ratios in various stages of decomposition remain in soil that immobilize soil N. While no quantitative determination of the importance of glomalin to SOC content has been published, the results reported here support the immobilization of soil N in the forest or pasture land uses by inputs of high C/N ratio plant residues and possible abiotic mechanisms.
Research has shown that plant residue additions in forest and permanent pasture land-use systems can increase soil aggregation and, concomitantly, soil C content (Bossuyt et al., 2002) . The loss of C with cropped land use has been linked to soil disturbance (Beare et al., 1994; Bremer et al., 1994) and change in plant litter C composition (Martens 2000a (Martens , 2002a . Soil aggregate stability was much greater in the pasture and forest soils compared with the cropped soil ( Table 1 ). The forest soil was highly aggregated in the soil surface (0-5 cm) that received the majority of the plant litter with decreased aggregate stability with soil depth (Table 1 ). The cropped soil had the lowest water-stable aggregate percentage of the land-use systems and soil stability increased slightly with depth below the plow zone. The increase in aggregation in the 20-24 cm cropped soil depth may be due to the accumulation of labile subsurface C in tillage-based cropped systems as reported by Bossuyt et al. (2002) .
Most of the SOC originates from plant residue additions and, during decomposition, plant debris becomes intimately associated with inorganic soil particles and stabilized within soil organo-mineral complexes (Post & Kwon, 2000) . Organo-mineral complexes are predominantly found in association with clay and silt-sized fractions that may limit microbial access to plant C when organo-minerals complex as soil aggregates (Post & Kwon, 2000; Bossuyt et al., 2002; Six et al., 2002) . A significant trend between aggregate stability and organic C content was noted in the highly aggregated forest (r 5 0.75; Po0.05) and pasture soils (r 5 0.80; Po0.05), but the aggregate-C trend was not evident in the cropped soil (r 5À0.64). The rate of SOC cycling has been linked to aggregate formation (Beare et al., 1994; Six et al., 2001) , and the low aggregate stability in the cropped soil supports previous research showing that organic C and aggregate stability are greatly impacted by tillage-based cropping systems (Biederbeck et al., 1994; Bremer et al.,1994) . With plant soluble and nonsoluble C additions being stabilized in soil physical fractions (Post & Kwon, 2000; Six et al., 2001) , soil analysis for organic C compounds of plant origin may identify the major pools of the SOC that accumulate or decline with land-use change.
Soil C composition with land-use changes
The loss of SOC content by conversion of native vegetation to agricultural is well documented (Capriel et al., 1992; Murty et al., 2002) , but little is known about the change in soil C composition with change from cropped to pasture or afforestation management.
Soil CHs
CHs as plant cellulose and hemicellulose compose from 22% to 60% of the C content of different plants (Martens & Loeffelmann, 2002) and constitute the greatest source of organic C to the biosphere. In the surface horizons, the pasture and the forest soils had statistically similar concentrations of extractable CH material, but the surface horizon CHs in the pasture and forest land use were three to five times greater than the CH concentration in the cropped soil ( Table 2 ). The forest and pasture soil CH concentrations were greater through the profile compared with the cropped soil ( Table 2 ). The change in CH concentration with depth noted for the pasture and forest soils was not evident in the cropped soil homogenized by tillage. In five out of the six depths sampled for the forest and pasture soils, glucose concentration comprised 450% of the total CH concentration, which reflected the dominant contribution of glucose in the cellulose and hemicellulose plant fractions added to the soils. Glucose accounted for only about 40% CH material in the top 24 cm for the cropped soil, but increased to 460% of the CH in the 24-38 cm depth.
CHs are the major C contribution to terrestrial soils and provide the major source of energy for microbial processes in soil. Figure 1b shows that regression analysis found significant trends for soil CH concentration and SOC content in the pasture (r 5 0.95, Po0.001) and forest soils (r 5 0.91, Po0.01), but no significance was noted for the cropped soil (r 5 0.71). Indeed, as with the organic C and total N graph (Fig. 1a) , the y-intercept for the relationship between CH concentration and organic C content (Fig. 1b) approximated zero (y 5 1.06x 1 0.14, r 5 0.96, Po0.001), implying that SOC directly increased as CHs increased. The origin of soil CHs has been suggested to be a mix of plant and microbial compounds, yet long-term soil incubations with 14 C-glucose or 14 C-labeled plant residue resulted in no microbially mediated transfer of the 14 C-label to other soil monosaccharides (Sowden & Ivarson, 1962; Oades & Wagner, 1971) . Martens & Frankenberger (1992) also found that glucose pulses to soil failed to show the microbial synthesis of monosaccharides that would be present in microbial polysaccharides, and these results suggest that the majority of the soil CH concentration was not microbial in origin, but reflect CHs present in stabilized plant residues.
Soil AAs
The majority of plant N that is cycled through soil is present as proteins, and proteins may constitute up to 20% of the plant C content (Sommerville et al., 2000) . The AA concentration in the forest and pasture soil surface horizons was greater than that in cropped soil, with a consistent trend of decreasing AA concentration with depth in the pasture and forest sites sampled (Table 3) . The decreased AA concentration with depth was not evident in the cropped soil because of the tillage factor. Unlike the CHs, for which glucose was the major monosaccharide present, the protein and nonprotein AAs were present in a rather uniform concentration in the soils tested. Glucosamine and galactosamine were the major ASs present in the soils, with significantly greater concentrations found in the forest and pasture soils compared with the cropped soil. ASs are not present in plant residue, so the detection of a large AS component of the total AAs in forest (average Ara, arabinose; Gal, galactose; Total, sum of all monosaccharides detected as mean AE standard deviation. Arg, arginine; Lys, lysine; Gal, galactosamine; Glu, glucosamine; Thr, threonine; Ala, alanine; Glu, glutamic acid; Total, sum of all amino acids detected as mean AE standard deviation.
17%), pasture (average 18%) and cropped soils (average 20%) represents an important contribution from microbial activity, fungal hyphae or insect exoskeletons (nonplant soil C inputs) to soil organic N pools. The average increase in the glucosamine concentration of the AA fraction with depth from 10.1% in the surface soil to 14.7% at the deeper depths suggests a change from more plant remnants remaining at the surface to a C signature with a greater microbial input at the deeper depths. Approximately 95% of mature plant N is identified as AAs and the majority of soil organic N is also identified as AAs or ASs (Martens & Loeffelman, 2003) . The dominance of AAs as the source of organic N in nature suggests that soil AA analysis may account for a large portion of soil N content. Indeed, a strong relationship between AA concentration and total N content (Fig. 1c) was found for the forest soil (r 5 0.89, Po0.01) and the pasture soil (r 5 0.96, Po0.001), but was not noted for the cropped soil (r 5 0.26). The apparent lack of significant relationships between the CH concentration and organic C content (r 5 0.71) and AA concentration and total N content in the cropped soil confirms the previous findings that plant residue C contributions to soil C content are negated by the act of tillage (Capriel et al., 1992; Biederbeck et al., 1994; Murty et al., 2002) .
Soil LPs
LPs are present in all living cells and are present in soils as partially decomposed and undecomposed plant material and microbial LPs (Wang et al., 1971) . A large variety of FAs were found in the soils under the different land-use types (Table 4 ). The actual number of LPs quantified ranged from 22 in the cropped soil to !35 in the forest and pasture soil. In the majority of soil samples, palmitic acid (C16:0) was found in the greatest concentration and C16:0 concentrations were significantly higher in the pasture and forest soils compared with the cropped soil. The pasture and forest soils had the highest levels of linoleic and linolenic acids (C18:2n9,12 and C18:3n9,12,15) in the surface horizons. With each FA, the general trend in the forest and pasture soils was that highest LP concentrations were present in the surface horizons with a decrease in concentration with depth, while the cropped soil showed little FA concentration change with depth.
Since cell cultures have been shown to actively metabolize cell membrane components during growth (White et al., 1979) , certain extractable LPs have been suggested to provide an estimate of microbial biomass (Zelles et al., 1995) such as for C16:0 (palmitic acid) (Baird & White, 1985; Zelles et al., 1992) and C18:2 or 3 as a marker of fungal populations (Frostegard et al., 1993; Arao, 1999) . The FAs of proposed fungal origin were most pronounced in the surface horizons of the different land-use systems. Figure 1d shows a significant relationship for the LP material isolated from the forest soils and the organic C content (r 5 0.96; Po0.001). The pasture soil LP concentration also had a strong relationship (r 5 0.78; Po0.05), but with a y-intercept at 8 g organic C that may reflect a greater input of LPs by roots in the pasture soil. The LP concentration of the cropped soil was not statistically correlated with organic C content (r 5 0.26), perhaps due to the deleterious effects of tillage on the numbers and diversity of microbial populations (Follett & Schimel, 1989) . C16:0, palmitic acid; C18:3n6, linolenic acid; C18:2n9, linoleic acid; C18:0, stearic acid; C22:1n13, erucic acid; C23:0, tricosanic acid; C24:0, lignoceric acid; Total, sum of all lipids detected as mean AE standard deviation.
Soil PAs
PAs composing plant cell walls constitute the second most abundant organic constituent cycled in soil after CHs (Harkin, 1973) . Sarkanen & Ludwig (1971) reported that PAs with the structure C 6 -C 3 (phenylpropene compounds such as p-hydroxycinnamic acid (p-HC) and ferulic acid) were unique to vascular plants and not synthesized by soil microbial populations. As shown by Martens (2000a, b) , the ester-linked PAs extracted from the soils studied were prevalent in the surface horizons and decreased rapidly with depth (Table 5 ). The pasture soil was found to contain the highest PA concentrations compared with the other two land-use soils. Very low levels of PAs in the former pasture soil converted to agricultural row crops suggest that crop residue-PAs were rapidly decomposed by tillage. The modified cinnamic acids, p-HC and ferulic acid are not considered part of the lignin structure of plants, but link CHs and proteins to plant lignins (Chen, 1992) . The PAs extracted by the lignin protocol following ester-linked PA extraction were related to the type of plant litter the soils received as forest, pasture and crops. The lignin concentration of the forest soil was statistically similar to the native pasture in the 0-4 cm soil depth, but lignin concentration was statistically higher in forest soil than the pasture and cropped soils in the deeper horizons (Table 6 ). Low amounts of lignin were found in the cropped soils with nondetectable amounts below the plow layer, while the forest soil had substantial amounts of lignin in the lower horizons. Recent research has shown that C allocation to belowground stocks by woody vegetation may be higher than previous research had documented (Smith et al., 1950) due to an annual fine root cycling turnover of 12 years with broad leaf species (Gaudinski et al., 2001) , and may explain the higher amounts of lignin at deeper depths in the forest soil.
Martens (2002a) reported a significant relationship between soil ester-linked PA concentration and SOC, suggesting that the plant C retained in the soil, and soil aggregate stability after 84 d incubation was associated with the residue's initial PA concentration. Figure 2a shows a significant relationship between total soil PAs and SOC in the forest (r 5 0.99; Po0.001) and pasture soils (r 5 0.96; Po0.001). SOC content in the cropped soil showed no significant relationship with PAs of plant origin. The results of Martens (2002a) and the data presented here suggest that PAs are important for organic C induced soil aggregate stability and the formation of SOC-mineral complexes. Additional evidence supporting the PA-SOC relationship was published by Angers & Giroux (1996) , who determined by the use of d 13 C analysis that soil aggregates are enriched in and stabilized by young labile organic matter derived from corn residue (rich source of PAs). Plant cell wall material is composed of two or three structurally interacting networks (Carpita & McCann, 2000) . The fundamental framework of cellulose (B1-4 linked glucose) lies embedded in a second network of cross-linking polysaccharides (hemicellulose) with a third network composed of proteins (AAs) or phenylpropene units (C 6 -C 3 PAs) depending on the plant species (dicots vs. monocots). If the C present in forest and pasture soils is predominantly cell wall material, then strong relationships should exist between PA and the other components of SOC. Figures 2b-d show that the important relationship between PAs and SOC content shown in Fig. 2a is also noted in the interaction of PAs and SOC measured as AA, CHs and LPs, respectively. Especially significant were the PA and CH relationship for the forest soil (r 5 0.91; Po0.001) and the pasture soil (r 5 0.98; Po0.001). These relationships were consistent with the hypothesis that the majority of the forest and pasture SOC was plant residue C related to the chemical structure of plant cell walls. Since the soil PA concentration was correlated with the soil C content, this suggests that the amount of plant residues remaining in soil could be estimated by the soil PA concentration as first proposed by Martens (2002a, b) . It is of interest that even though the slopes of the regression lines in Fig. 2a differ for the pasture and forest soils, the y-intercept for both is approximately 25 g C. If the intercept value of 25 g C kg À1 soils is a measure of soil C not associated with plant-derived PAs, perhaps as microbial C, then an average of 67% (0-4 cm) (76 g C-25 g C/76 g C) and 49% (4-8 cm) of the forest SOC is plant residue C and 46% (0-5 cm) and 25% (5-13 cm) of the pasture SOC is still remaining in the soils as plant residue. A similar value for plant-derived soil C was presented by Six et al. (2001) , who reported that particulate organic material of plant origin accounted for 31% of the total C content in a 0-5 cm depth for a no-tillage winter wheat-fallow cropped sequence.
Volume of soil C The surface horizons of the forest and pasture soils contain significantly greater organic C and N contents (Table 1) and, concomitantly, greater individual components of organic C compared with the cropped soil, but differences in biochemistry shown in Tables 2-6 need to be expressed on a volume basis for total content. The weighted equation 1 provides a component sum comparison on an m 2 basis to 33 cm to encompass changes in the soils due to the different horizon thickness. The weighted comparison found that the forest soil had significantly greater C content (29%4pasture and 46%4cropped soils) and N content (19%4pasture and 42%4cropped soils) in the top 33 cm. The values found here (46%) closely match the percentage C increase values presented by Guo & Gifford (2002) for the land-use changes of cropped to secondary forest (53%) and for the cropped to pasture land-use change (25% vs. 19%).
The forest had the greatest concentration of extractable C as CHs, ester-linked PAs, lignin-PAs and LPs while the pasture soil had a greater AA concentration of the three land uses. During the dehydration-extraction procedure for AAs, NH 3 can be lost from digested AAs and not accounted for by AA analysis. Recovering the amount of NH 4 1 released by the digestion process increased identified N recovered in the forest, pasture and cropped soils to 70%, 73% and 77%, respectively. Conversion of the CH, AA, PA and LP composition to the respective C content (Table 7) found that 79% of the *The weighted C and N values were calculated: weighted mean 5 P (T Â I Â bulk density)/ P Ti, where T is the thickness of the horizon, I is the quantity of the property of interest, bulk density is taken from Table 1 and Ti is the total thickness (33 cm). Column values with a different letter designation are statistically different at the 5% level. C content of the pasture soil could be identified as these compounds whereas 73% of the cropped soil and 71% forest soil C content were identified as CHs, AAs, PAs and LPs. Of the soil C accounted for, between 40 and 60% can be identified as CHs and PAs, which are identified by the use of biomarkers as originating from plant residue C. The importance of CH and PA contributions to organic C content, separated using a StepWise regression analysis that reported the great variance, was first assigned to CH (r 5 0.94, Po0.001), then total PAs (r 5 0.97, Po0.001) and finally LPs (r 5 0.98, Po0.05). Post & Kwon (2000) reviewed the literature for potential C change in agricultural soils subjected to different land-use changes and found that the rate of C accumulation ranged from À47 to 310 g C m À2 yr ) Karst] during the first 30 years increased the C content in the 0-5 cm soil depth, but decreased soil C content in the 5-15 and 15-25 cm depths in the mineral soil layers with increasing stand age. The forest in this study was established on pasture soil that had not experienced tillage, so the C inputs to the soil were not disturbed during the initial years of establishment. In contrast, the trees in the study documented by Vesterdal et al. (2002) were established following tillage to establish the stand and weeds were controlled by mechanical means for the first 3 years, which certainly limited the plant C input during the initial years of the study. The comparison of the Vesterdal study with the results presented here emphasizes the importance of maintaining a permanent grass cover while establishing the secondary forest growth.
The results of different land use on the soil properties reported here suggest that the majority of organic C in the surface 30 cm of undisturbed soils are present as plant residue in various stages of decomposition that increases soil aggregation. Organic C retained in a soil is a function of the N content of the soil and as such SOC cannot be increased without increasing soil N content. The composition of the SOC in nondisturbed land use shows a strong relationship between the CH and PA markers and organic C, and is consistent with the hypothesis that increased C is due to stabilized plant residue C. Tillage increased the decomposition of plant residues and limited the stabilization of plant C as noted by the lack of significant relationships for the components of the cropped soil SOC pool and soil properties. The practice of permanent pastures and afforestation of agricultural lands showed long-term potential for potential mitigation of atmospheric CO 2 .
